Major depressive disorder (MDD) is a recurring psychiatric illness that causes substantial health and socioeconomic burdens. Clinical reports have revealed that scopolamine, a nonselective muscarinic acetylcholine receptor antagonist, produces rapid antidepressant effects in individuals with MDD. Preclinical models suggest that these rapid antidepressant effects can be recapitulated with blockade of M1-type muscarinic acetylcholine receptors (M1-AChR); however, the cellular mechanisms underlying activity-dependent synaptic and behavioral responses to scopolamine have not been determined. Here, we demonstrate that the antidepressant-like effects of scopolamine are mediated by GABA interneurons in the medial prefrontal cortex (mPFC). Both GABAergic (GAD67 + ) interneurons and glutamatergic (CaMKII + ) interneurons in the mPFC expressed M1-AChR. In mice, viralmediated knockdown of M1-AChR specifically in GABAergic neurons, but not glutamatergic neurons, in the mPFC attenuated the antidepressant-like effects of scopolamine. Immunohistology and electrophysiology showed that somatostatin (SST) interneurons in the mPFC express M1-AChR at higher levels than parvalbumin interneurons. Moreover, knockdown of M1-AChR in SST interneurons in the mPFC demonstrated that M1-AChR expression in these neurons is required for the rapid antidepressant-like effects of scopolamine. These data indicate that SST interneurons in the mPFC are a promising pharmacological target for developing rapid-acting antidepressant therapies. R e s e a R c h a R t i c l e 2 4 8 2 jci.org Volume 126 Number 7 July 2016
Introduction
Major depressive disorder (MDD) is a recurring neuropsychiatric illness that affects up to 17% of the population and causes substantial social and economic burdens (1) (2) (3) (4) . While some patients respond to existing medications, currently available antidepressants take weeks to months to have an effect, and many patients are considered treatment resistant because they fail to respond to 2 or more antidepressants (5) . Recent studies demonstrate that scopolamine, a nonselective muscarinic acetylcholine (ACh) receptor (mAChR) antagonist, and ketamine, an NMDA receptor antagonist, produce rapid antidepressant actions (within hours) and are effective even in treatment-resistant MDD patients (6) (7) (8) . The rapid antidepressant actions of scopolamine and ketamine are dependent on glutamate release and induction of new spine synapses in the medial prefrontal cortex (mPFC) (9) (10) (11) , effects that directly target the synaptic pathophysiology of MDD and chronic stress (12) (13) (14) (15) (16) (17) (18) (19) .
However, a major question in the field is, what are the initial cellular targets that mediate the increase in glutamate transmission, leading to increased synapse formation and rapid antidepressant behavior (10, 20, 21) ? One hypothesis is that scopolamine blocks muscarinic receptors on GABAergic interneurons, resulting in disinhibition of pyramidal neurons and increased glutamate transmission. Alternatively, scopolamine may act directly on pyramidal neurons to enhance synaptic plasticity and produce antidepressant behavioral responses. Recent studies suggest that the M1-type muscarinic ACh receptor (M1-AChR) subtype may mediate the antidepressant actions of scopolamine (9, 22, 23) .
M1-AChRs are expressed on both GABAergic interneurons and glutamatergic pyramidal neurons in the mPFC and regulate the activity of both cell types (24) (25) (26) .
In the present study, we used transgenic mice and viralmediated gene transfer to drive Cre-dependent expression of M1-AChR shRNA in different subtypes of GABA interneurons or glutamate neurons in the mPFC. The results demonstrate that M1-AChR knockdown in GABA interneurons, but not pyramidal neurons, blocks the antidepressant-like response to scopolamine in mouse behavioral models. In addition, we show that knockdown of M1-AChR in somatostatin (SST), but not parvalbumin (PV), interneurons, blocks the actions of scopolamine. These findings reveal that M1-AChRs on SST interneurons in the mPFC are a critical cellular target underlying the rapid antidepressant effects of scopolamine.
Behavioral studies using the same design demonstrate that infusions of AAV2 M1shRNA into Gad1-Cre mice had no significant effects on baseline behaviors in the open field test (total distance and center time, anxiety measure) or forced swim test (FST) (immobility, behavioral despair measure) compared with those of WT controls receiving the same viral infusions (Figure 2 , E-G). Mice then received 3 doses of scopolamine (25 μg/kg, i.p.) every other day, a dosing regimen based on the schedule used in depressed human subjects and shown to produce robust signaling and behavioral responses in rodents (23) . In the FST, scopolamine significantly decreased immobility time in WT mice infused with AAV2 M1shRNA , but these effects were completely blocked in Gad1-Cre mice receiving AAV2 M1shRNA infusions into the mPFC (interaction, F 1,28 = 8.17, P < 0.0008; Figure 2H ). In the novelty suppressed feeding test (NSFT), scopolamine decreased latency to feed in WT mice infused with AAV2 M1shRNA , but again had no effect in Gad1-Cre mice receiving the same viral infusions (main effect of scopolamine, F 1,28 = 6.44, P < 0.02; main effect of genotype, F 1,28 = 3.88, P < 0.06; interaction, F 1,28 = 2.71, P < 0.11; Figure 2I ).
Similar studies were conducted in Camk2a-Cre mice with infusions of AAV2 M1shRNA in the mPFC ( Figure 3 , A and B). There was no recombination observed in WT mice infused with AAV2 M1shRNA (Figure 3 , B and C), but in Camk2a-Cre mice, the majority of neurons showed recombination (DsRed + only) due to the high density of glutamatergic pyramidal neurons in mPFC ( Figure 3D ). Behavioral testing showed that AAV2 M1shRNA had no effect on baseline behavior in the open field test (distance or center time) or immobility in the FST (Figure 3 , E-G). Scopolamine administration (3-dose regimen) significantly decreased immobility in the FST in both WT DsRed and EGFP are expressed unless recombination deletes EGFP and allows expression of only DsRed and M1shRNA. To test this construct, N2a cells were cotransfected with Cre-expressing (CAG-Cre) and M1shRNA plasmids (pM1shRNA). Transfection with pM1shRNA alone resulted in EGFP and DsRed expression (Supplemental Figure 1B ), while cotransfection with CAG-Cre and pM1shRNA resulted in recombination, shown by reduced EGFP expression and retained DsRed expression (Supplemental Figure  1C ). Cotransfection with CAG-Cre decreased EGFP mRNA levels in control and pM1shRNA cultures (main effect, F 1,14 = 38.86, P < 0.0001, Supplemental Figure 1D ) and, importantly, resulted in robust knockdown of M1-AChR mRNA (interaction, F 1,22 = 16.07, P < 0.0006, Supplemental Figure 1E ). There was no significant effect on mAChR subtypes (mAChR2-5), demonstrating specificity of the M1shRNA (Supplemental Figure 1F) .
Knockdown of M1-AChR in GAD + , but not CaMKII + , neurons blocks the antidepressant effects of scopolamine. pM1shRNA was packaged into an adeno-associated virus-2 (AAV2 M1shRNA ) and infused bilaterally into the mPFC of Gad1-Cre and Camk2a-Cre mice or their WT littermate controls. The mPFC was targeted, as prior studies show direct infusion of scopolamine into this region caused antidepressant actions. Initial studies were conducted in Gad1-Cre mice, and 3 weeks after viral infusion, brains were collected for histology ( Figure 2A ). Figure 2B shows the spread of AAV2 M1shRNA infusion in the mPFC, and higher magnification shows that there was no observed recombination in WT mice (Figure 2C) . However, infusion with AAV2 M1shRNA into Gad1-Cre mice resulted in a subset of cells displaying DsRed only ( Figure 2C ), demonstrating cell-specific expression of the M1shRNA construct. 
M1-AChR knockdown in GAD + interneurons blocks scopolamine stimulation of FosB.
Prior studies indicate that scopolamine increases Fos labeling in the mPFC, further evidence of increased glutamate neurotransmission and neuronal activation (23) . To determine whether M1-AChR knockdown blocks scopolamine and Camk2a-Cre mice infused with AAV2 M1shRNA (main effect, F 1,32 = 18.58, P < 0.0001, Figure 3H ). Similar results were observed in the NSFT, where scopolamine administration reduced the latency to feed in both WT and Camk2a-Cre mice receiving AAV2 M1shRNA infusion (main effect, F 1,35 = 27.28, P < 0.0001, Figure 3I ). neurons was observed in both the infralimbic and prelimbic cortices of WT/AAV2 M1shRNA , but not in Gad1-Cre/AAV2 M1shRNA mice (infralimbic, interaction, F 1,14 = 17.51, P < 0.0009; prelimbic, interaction, F 1,14 = 4.22, P < 0.06; Figure 4 , B and C). Studies of Camk2a-Cre mice showed that scopolamine induction of FosB + neurons was observed in both WT/AAV2 M1shRNA and Camk2a-Cre/AAV2 M1shRNA mice (infralimbic, main effect, F 1,12 = 83.09, P < 0.0001; prelim-induction of neuronal activation in the mPFC, we examined FosB immunohistology (27) . WT and Gad1-Cre mice infused with AAV2 M1shRNA received a final injection of scopolamine (25 μg/kg), and then 1 hour later, brains were collected and processed for FosB immunohistology. Scopolamine increased the number of FosB + neurons in the mPFC of WT, but not Gad1-Cre, mice following AAV2 M1shRNA infusions ( Figure 4A ). Scopolamine induction of FosB + tdTomato interneurons showed inward current responses. We also found that SST-tdTomato interneurons displayed increased excitatory postsynaptic currents (EPSCs) after muscarine application, as a result of excitatory inputs from pyramidal neurons ( Figure  6B ). Prior application of the mACh receptor antagonist telenzepine blocked both muscarine-induced inward current (musc: mean = 40 ± 9.6 pA; telenzepine + musc: mean = 0 ± 0 pA, Figure 6B ) and EPSCs in SST-tdTomato interneurons ( Figure 6C ). To confirm neuron subtype-specific knockdown of M1-AChR, SST interneurons from Sst-Cre/AAV2 M1shRNA mice were recorded ( Figure 6D ). DsRed + SST interneurons in these mice had resting membrane potentials equal to -77.3 ± 2.8 mV, comparable to SST-tdTomato interneurons shown above. In Sst-Cre/AAV2 M1shRNA mice, a minimal muscarine-induced inward current was observed in 1 out of 6 (17%) interneurons tested. Muscarine-induced EPSCs were observed in 5 out of 6 (83%) interneurons tested ( Figure  6E ), indicating that synaptic inputs onto SST interneurons were not affected in Sst-Cre/AAV2 M1shRNA mice. These EPSCs were blocked when telenzepine was applied prior to muscarine ( Figure  6E ). Collectively, these data show that cholinergic stimulation of SST interneurons in the mPFC is mediated by M1-AChR and that AAV2 M1shRNA effectively blocked muscarinic stimulation of SST interneurons. Knockdown of M1-AChR was confirmed by immunolabeling studies, which showed that infusion of AAV2 M1shRNA into Sst-Cre mice significantly reduced M1-AChR immunolabeling compared with that of Sst-Cre mice infused with a scrambled shRNA control (AAV2 SCR ) (P < 0.02, Supplemental Figure 2 ).
Knockdown of M1-AChR in SST, but not PV, interneurons prevents the antidepressant-like effects of scopolamine.
To determine the GABA ergic interneuron subtype that mediates the behavioral responses to scopolamine, WT, Sst-Cre, and PV-Cre mice received bilateral infusion of AAV2 M1shRNA into the mPFC and were analyzed 3 weeks later ( Figure 7A ). Infusion of AAV2 M1shRNA into the mPFC of Sst-Cre mice resulted in recombination in a subset of neurons, shown by expression of only DsRed (Figure 7 , B and C). AAV2 M1shRNA infusion in Sst-Cre mice produced no significant bic, main effect, F 1,12 = 67.52, P < 0.0001; Supplemental Figure  3 ). Knockdown of M1-AChR was confirmed by immunolabeling studies that showed that Camk2a-Cre/AAV2 M1shRNA significantly reduced M1-AChR immunolabeling in pyramidal neurons compared with WT/AAV2 M1shRNA mice (P < 0.02, Supplemental Figure  2 ). These findings provide further evidence for functional knockdown of M1-AChR in Gad1-Cre mice and blockade of scopolamineinduced neuronal activity.
PV and SST interneurons show varied distribution and expression of M1-AChR in the mPFC. GABAergic interneurons in the PFC have diverse physiological properties and can be categorized into subtypes based on expression of calcium-binding proteins, such as PV, and neuropeptides, such as SST. Each interneuron subtype has a dynamic role in modulating the activity of glutamatergic pyramidal cells based on firing rates and synaptic connections (28, 29) . To further characterize the role of GABA interneurons in the mPFC, we used double immunohistology to determine distribution and colocalize expression of M1-AChR on PV and SST interneuron subtypes ( Figure 5, A and B) . PV interneurons were concentrated in deeper cortical layers (III-V), while SST interneurons were dispersed evenly across cortical layers (Supplemental Figure 4 and Figure 5D ). Further analyses showed that M1-AChR is more frequently colocalized with SST compared with PV interneurons, with approximately 62% of SST and 24% of PV interneurons colocalized with M1-AChR across both mPFC regions ( Figure 5 , C and D).
M1-AChR mediates cholinergic stimulation of SST interneurons in the mPFC. To determine the role of M1-AChR in SST interneuron responses to cholinergic stimulation, brain slice electrophysiology was performed with SST-tdTomato mice. ACh or muscarine was applied to mPFC SST interneurons in mPFC slices under wholecell voltage clamp (layer II/III and V). The SST-tdTomato interneurons had a mean resting membrane potential equal to -75.4 ± 1.4 mV, and ACh induced an inward current (mean = 85.7 ± 17.8 pA). Muscarine application also produced an inward current (mean = 43.3 ± 9.9 pA), while nicotine application caused no change in SST-tdTomato interneuron currents ( Figure 6A ). In all, 92% of SST- changes in baseline behavior other than a small increase in preswim immobility compared with that of WT mice (P < 0.003; Supplemental Figure 5 , B-D). In littermate WT/AAV2 M1shRNA mice, scopolamine reduced immobility in the FST as expected, but this effect was completely absent in Sst-Cre/AAV2 M1shRNA mice (interaction, F 1,27 = 7.95, P < 0.009; Figure 7E ). In the NSFT, scopolamine decreased latency to feed in WT/AAV2 M1shRNA mice, but had no effect in Sst-Cre/AAV2 M1shRNA mice (interaction, F 1,26 = 3.75, P = 0.06, Figure 7F ). In PV-Cre mice, infusion of AAV2 M1shRNA resulted in recombination in a subset of neurons, shown by expression of DsRed only ( Figure 7D ). M1-AChR knockdown in PV-Cre mice caused no baseline behavioral effects in either the open field test or FST (Supplemental Figure 5 , E-G) and had no effect on the antidepressant-like actions of scopolamine in the FST (main effect, F 1,23 = 22.35, P < 0.0001, Figure 7G ) or NSFT (main effect, F 1,24 = 13.12, P < 0.001, Figure 7H ). Following behavioral testing, studies were conducted to determine whether M1-AChR knockdown in SST interneurons blocks scopolamine induction of FosB.
In WT/AAV2 M1shRNA mice, scopolamine increased FosB + staining in the mPFC, but there were no significant differences in Sst-Cre/ AAV2 M1shRNA mice ( Figure 8A ). Scopolamine increased the number of FosB + neurons in both the prelimbic (interaction, F 1,14 = 21.64, P < 0.004; Figure 8B ) and infralimbic (interaction, F 1,14 = 7.68, P < 0.01; Figure 8C ) cortices of WT/AAV2 M1shRNA mice, but there were no significant effects in Sst-Cre/AAV2 M1shRNA mice (Figure 8, B and C) .
To test the possibility that the effects of AAV2 M1shRNA knockdown might occur via nonspecific actions of shRNA expression, we examined the effects of a scrambled shRNA control (AAV2 SCR ) in the mPFC of Sst-Cre mice. Immunohistology showed that M1-AChR knockdown occurred in Sst-Cre/AAV2 M1shRNA mice (P < 0.003, Supplemental Figure 2) . Similarly to what occurred in prior studies (Figure 7 , E and F), Sst-Cre/AAV2 M1shRNA mice showed no antidepressant-like response in the FST following scopolamine treatment (Figure 9 , A-C). In contrast, Sst-Cre/AAV2 SCR mice showed antidepressant-like responses comparable to those of WT/AAV2 M1shRNA mice, with significant reductions in FST immobility (interaction, F 2,27 = 5.15, P < 0.01, Figure 9B ). In the NSFT, no significant interaction was observed; however, there was a trend for an effect of scopolamine across groups (main effect, F 1,27 = 3.29, P = 0.08, Supplemental Figure 6 ). Ad hoc analyses showed that WT/AAV2 M1shRNA and Sst-Cre/AAV2 SCR mice treated with scopolamine exhibited a decrease in latency to feed (P < 0.02 for both, Supplemental Figure 6 ).
We have also conducted an additional test that examines the antidepressant-like effects of scopolamine in a rodent model of anhedonia, a core symptom of depression. The female urine-sniffing test (FUST) is based on the attraction of male rodents to pleasurable pheromones in urine and serves as a measure of rewardseeking behavior (30) . For FUST, the mice are first exposed to a cotton tip dipped in water and then exposed to another cotton tip with fresh urine collected from same-strain females. The results demonstrate that scopolamine administration to WT/AAV2 M1shRNA and Sst-Cre/AAV2 SCR mice results in a significant increase in interaction time spent with the female urine (interaction, F 2,26 = 3.92, P < 0.03, Figure 9C) ; there was no effect on time spent with the water (data not shown). In contrast, Sst-Cre/AAV2 M1shRNA mice adminis- 
Discussion
Preclinical studies have started to unravel the molecular signaling pathways underlying the actions of scopolamine, but the initial cellular trigger by which scopolamine produces an antidepressant behavioral response has not been identified. In the present study, we determine whether the antidepressant effects of scopolamine are mediated through M1-AChRs on inhibitory interneurons or on glutamatergic pyramidal neurons in the mPFC, thereby testing the indirect or direct hypothesis of action (refs. 10, 20, 21, and Figure  10 ). Toward this objective, we characterized M1-AChR expression in subtypes of neurons in the mPFC and developed molecular tools to selectively knock down M1-AChR levels in a neuron subtypeand brain region-specific manner. We tested the role of M1-AChR knockdown in 4 different neuron subtypes in the mPFC (Gad1-Cre, Camk2a-Cre, Sst-Cre, PV-Cre) with an innovative molecular approach that provides increased temporal and spatial control compared with constitutive or conditional knockout approaches that are not brain region specific. mPFC is the cellular trigger for the antidepressant behavioral actions of scopolamine, supporting the indirect mechanism.
These results also confirm that M1-AChR is the critical receptor subtype underlying the antidepressant actions of scopolamine (9, 23) . It is important to note that different doses of scopolamine along with varied behavioral testing were used in the present studies compared with prior studies focused on muscarininc receptors in models of learning and memory. First, the dose (25 μg/ kg) is lower than in studies that report sensorimotor and cognitive
Using this brain region-and neuron-specific approach, we found that M1-AChR knockdown in mPFC of Gad1-Cre mice prevents antidepressant behavioral responses to scopolamine in the FST, NSFT, and FUST. In contrast, Camk2a-Cre mice with M1-AChR knockdown continued to show an antidepressant response to scopolamine in the FST and NSFT. M1-AChR knockdown in Gad1-Cre or Camk2a-Cre mice had no effect on baseline behaviors in the preswim test or in overall activity. These results indicate that blockade of M1-AChR on GAD + interneurons in the nal activity in the mPFC is required for the behavioral response to scopolamine (9, 23) . Consistent with these data, we found that scopolamine increases FosB immunolabeling in the mPFC of WT mice infused with AAV2 M1shRNA and that this response is absent in Gad1-Cre mice with M1-AChR knockdown. These data support previous studies showing that the behavioral actions of scopolamine are dependent on neuronal activation in the mPFC and, importantly, show that neuronal activation and subsequent behavioral responses are prevented by M1-AChR knockdown on GAD + interneurons.
impairments, which typically use 100 μg/kg to 3 mg/kg doses of scopolamine (31) (32) (33) . Second, the antidepressant-like effects were observed 24 hours after the final 25 μg/kg dose of scopolamine, at a time when the drug had largely been cleared. Prior results showed that administration of scopolamine increased neuronal cFos expression in the prelimbic and infralimbic mPFC. In addition, behavioral actions of scopolamine are blocked by α-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid (AMPA) receptor antagonism or GABA A receptor agonist pretreatment, providing evidence that neuro- July 2016 similar to those of WT mice infused with AAV2 M1shRNA . It is notable that M1-AChR knockdown in Sst-Cre mice did not cause baseline behavioral changes, since receptor knockdown might be expected to produce effects similar to those of scopolamine blockade of M1-AChR. However, viral-mediated shRNA knockdown reduces M1-AChR expression by approximately 50% (Supplemental Figure 2 ), and this decrease occurs gradually, potentially allowing for compensatory neuronal adaptations.
These results further reinforce that acute M1-AChR antagonism of SST interneurons is an important cellular trigger leading to antidepressant-like effects. Consistent with this idea, M1-AChR knockdown in Sst-Cre mice blocked scopolamine-induced increases of FosB + neurons in the mPFC, indicating that neuronal activation is associated with antidepressant-like behavioral responses to scopolamine and that this neuronal activation is dependent on M1-AChR expression in mPFC SST interneurons ( Figure 10 ).
SST interneurons are altered following chronic stress exposure, and dysfunction of these neurons is thought to contribute to depressive symptoms (39, 40) . Postmortem studies have reported a reduced number of calbindin + (putative SST) interneurons and decreased expression of SST interneuron markers in the PFC (41, 42) , demonstrating that altered SST/GABA function is associated with depressive symptoms (43) . Our prior studies indicate that scopolamine can reverse anhedonia in a chronic unpredictable stress (CUS) model of depression. In line with these studies, we provide evidence that M1-AChR on SST interneurons is necessary for increased reward-seeking behaviors in the FUST after scopolamine. Despite these findings, it will be important in future studies to determine whether M1-AChR on SST interneurons mediates antidepressant-like actions in a pathological stress model, such as CUS. Collectively, these studies indicate that mPFC interneurons have disparate expression of M1-AChR, which leads to varied responses to cholinergic stimulation. The differential response of mPFC interneurons to cholinergic stimulation is an important determinant of cortical network activity and can therefore influence behavioral states (44, 45) .
In summary, the current results indicate that the rapid antidepressant responses to scopolamine are mediated by M1-AChRs on SST interneurons in the mPFC, demonstrating that scopolamine acts via an indirect, disinhibition mechanism to regulate pyramidal neuron activity and subsequent behavioral responses. It is possible that SST interneurons also play a critical role in the rapid antidepressant-like effects of the noncompetitive NMDA receptor antagonist ketamine, as prior reports suggest that convergent cellular and molecular mechanisms underlie the behavioral responses to scopolamine and ketamine (21, 46) . Enriched expression GAD-expressing interneurons in the mPFC are diverse and display different synaptic connections, physiological properties, and molecular signaling (28) . Immunohistology shows that SST interneurons have enriched expression of M1-AChR compared with PV interneurons, and electrophysiological recordings show that cholinergic stimulation of SST-tdTomato interneurons is mediated by M1-AChR. These findings correspond with previous reports showing that SST interneurons exhibit inward currents following cholinergic stimulation, while PV interneurons show minimal responses (34, 35) . In addition, the mAChR antagonist pirenzepine blocked the ACh-induced inhibitory responses in the cortex, suggesting that these effects are mediated by M1-AChRs (36) . SST interneurons, such as bitufted and Martinotti cells, send projections to the dendritic tufts of cortical pyramidal cells (37) and can inhibit pyramidal neuron activity directly (38) . In this context, baseline cholinergic stimulation of SST interneurons through M1-AChRs leads to increased activity that would inhibit pyramidal neurons. Thus, scopolamine antagonism of M1-AChR on SST interneurons would reduce inhibitory activity, leading to disinhibition of proximal pyramidal neurons. Studies that examine cholinergic innervation of SST interneurons in the mPFC may provide additional insight into their role in the antidepressantlike effects of scopolamine.
Based on these data, we infused AAV2 M1shRNA into Sst-Cre and PV-Cre mice to identify the GABAergic interneuron subtype that mediates the effects of scopolamine. AAV2 M1shRNA infusion into the mPFC of Sst-Cre mice reduced M1-AChR immunolabeling and prevented muscarine-induced inward currents in recombined DsRed + SST interneurons. In addition, M1-AChR knockdown in Sst-Cre mice blocked the antidepressant-like behavioral response to scopolamine in the FST and NSFT. In contrast, PV-Cre mice with M1-AChR knockdown displayed antidepressant-like responses FST. FST was conducted as previously described (11) . Mice were placed for 10 minutes in a clear cylinder filled with water (24 ± 1 °C, 18 cm depth). Sessions were video recorded an d scored for total immobility time by a blinded experimenter. Time immobile during the 2-to 6-minute block is reported.
NSFT. NSFT was conducted as previously described (52) . Mice were food deprived for 18 hours and placed in a dimly lit, novel environment (24 × 40 × 14 cm, fresh bedding) with food in the center. The latency to feed was recorded. Home cage food intake was measured as a control.
FUST. FUST is a validated test of reward-seeking behavior in rodents and was performed similarly to the way it was performed in prior reports (53) . Mice were acclimated to a novel, single-housed cage for 1 hour. Following the acclimation period, mice were habituated to a water-soaked cotton-tipped applicator for 1 hour. Subsequently, a fresh water-soaked cotton-tipped applicator was inserted, and interaction time was taped for 5 minutes. The cotton-tipped applicator was removed, and mice were left undisturbed for 45 minutes. Following this time, a cotton-tipped applicator with female urine was inserted into the cage, and interaction time was taped for 5 minutes. Time spent interacting with the urine cotton-tipped applicator is presented.
Immunohistology. Brains were collected from mice after transcardiac perfusion with sterile PBS and 4% paraformaldehyde (PFA). Brains were post-fixed in 4% PFA for 24 hours and incubated in 30% sucrose for an additional 24 hours. Fixed brains were frozen and sectioned using a Microm HM550 cryostat. Free-floating sections were washed, then blocked for 1 hour at room temperature. Sections were washed, then incubated with the following primary antibodies (1:1,000 dilution) overnight at 4°C: rabbit anti-M1-AChR (Frontier Institute; mAChR-M1-RB-Af340), rat anti-Camk2a-Cre (Enzo Life Sciences; KAM-CA002-D), mouse anti-GAD67 (Sigma-Aldrich; G5419), mouse anti-PV (Millipore; MAB1572), rat anti-SST (Millipore; MAB354), and rabbit anti-FosB (Santa Cruz Biotechnology Inc.; sc-48). Sections were then washed and incubated with conjugated secondary antibody (1:1,000 dilution) overnight at 4°C. Immunofluorescence was visualized using an Olympus BX61WI confocal microscope. Images were captured with Fluoview (FV1000) and a Hamamatsu high-resolution digital camera (ORCA-ER).
Quantitative immunofluorescence. For quantification of FosB, 2 to 3 mPFC brain slices (25 μm) were selected and bilateral images were obtained for each sample (all experimental groups included). Cell counts were quantified with ImageJ software (NIH). Images were transformed to 8-bit format, then threshold, particle size, and circularity were set with constant parameters used across experimental groups. Blinded counts were recorded and averaged in each cortical region, and the average across samples was used for statistical analyses (n = 4-5). To quantify M1-AChR colocalization with PV and SST interneurons in the mPFC, 2 to 3 mPFC brain slices (25 μm) were selected and bilateral images were obtained. The total number of PV and SST interneurons in each cortical layer was quantified along with the proportion of each subtype that colocalized with M1-AChR (n = 2-3). To quantify knockdown of M1-AChR through immunohistology, 2 to 3 mPFC brain slices (25 μm) were selected and immunolabeling was performed. Bilateral confocal images were collected and analyzed in ImageJ. In brief, neurons infected with AAV2 M1shRNA or AAV2 SCR that underwent Cre recombination were identified by DsRed expression and M1-AChR levels were measured by relative fluorescent intensity. For each sample, 6 to 8 neurons were quantified and sample averages were compiled for statistical analyses. of M1-AChR on SST interneurons and disruption of SST in MDD indicate that these neurons have an important functional role in the transduction of cholinergic signaling in the cortex that influences mood and emotion as well as cognition. Additional molecular and cellular studies to examine the neurotransmitter receptor signaling profile of SST interneurons can build on these findings and provide insight into novel pharmacological targets for rapid antidepressant development.
Methods
Animals. Male transgenic mice and WT C57BL/6 littermates were obtained from in-house breeders. Gad1-Cre mice were originally obtained from Marina Picciotto (47) , and Camk2a-Cre mice were obtained from Günter Schütz (German Cancer Research Center, Heidelberg, Germany) (48) . PV-Cre (catalog 008069) and Sst-Cre (catalog 013044) mice were obtained from Jackson Laboratories. To obtain SST-tdTomato mice, Sst-Cre mice were bred with Ai9(RCL-tdT) mice (catalog 007909), also from Jackson Laboratories. All studies were performed with 6-to 12-week-old mice. Mice were housed in standard ventilated under a 12-hour light/12-hour dark cycle with ad libitum access to water and rodent chow.
shRNA and viral preparation. For knockdown of M1-AChR in specific neuronal cell types, an shRNA sequence was designed targeting the M1-AChR (49) . M1-AChR shRNA (5′-TGCAACGC CTCTGTC ATGAATCTTCTTCAAGAGAGAAGATTCATGACAGAGGCGT TGCTTTTTTC-3′) or scrambled control (5′-TATCTATAGCGAC-GCTCCTTGTCCATTCAAGAGATGGACAAGGAGCGTCGCTATA-GATTTTTTTC-3′) (Integrated DNA Technologies) was ligated into a plasmid (pM1shRNA) designed to restrict shRNA expression to cells that express Cre recombinase (50) . The TATAloxP-flanked CMV-EGFP cassette was subcloned from pSico (from Tyler Jacks, Massachusetts Institute of Technology, Boston, Massachusetts, USA; Addgene plasmid catalog 11578) into pAAV-DsRed (from Ralph DiLeone, Yale University School of Medicine) using HindIII and ApaI. This plasmid allows ubiquitous DsRed expression and conditional EGFP expression driven by floxed CMV cassette that prevents shRNA expression with U6 promoter disruption (Supplemental Figure 1A) . This construct and scrambled control were packaged into AAV2 M1shRNA , as previously described (19) . Neuro-(N)2a cells obtained from ATCC were used to test the efficacy of pM1shRNA.
Scopolamine administration. Mice received 3 injections of vehicle or scopolamine (25 μg/kg, i.p.) every 48 hours, and behavioral testing was started 24 hours later (23) . Following completion of behavioral testing, mice received a final injection of vehicle or scopolamine 1 hour prior to sacrifice.
Surgery and cortical infusion. Mice were anesthetized with a solution of ketamine/xylazine (100/10 mg/kg). Bilateral viral infusions into the mPFC (1 μl; 0.1 μl/minute) were performed with coordinates (from bregma) as follows: +2.0 mm anterior-posterior, ±0.2 mm medial-lateral, and -2.8 mm dorsal-ventral (51) . Incisions were closed with sutures, and an antibiotic was applied to prevent infection. Mice received i.p. injection of carprofen (5 mg/kg) immediately after surgery and daily for the next 2 days.
Anxiety-like behavior. For open-field activity, mice were placed in a Plexiglas test apparatus (40 × 40 × 25 cm) and recorded for 15 minutes. Activity in the open field test was analyzed using an automated system (ANY-maze, Stoelting). jci.org Volume 126 Number 7 July 2016 uated with Fisher's least significant difference (LSD) test. Significant group differences were only reported if protected by significant main effects or interactions with ANOVA. Study approval. Animal use and procedures were in accordance with NIH guidelines and approved by the Yale University Animal Care and Use Committees.
